Abstract: Poison ivy, Toxicodendron radicans, and poison oaks, T. diversilobum and T. pubescens, are perennial woody species of the Anacardiaceae and are poisonous, containing strong allergens named urushiols that cause allergic contact dermatitis. Poison ivy is a species distributed from North America to East Asia, while T. diversilobum and T. pubescens are distributed in western and eastern North America, respectively. Phylogreography and population structure of these species remain unclear. Here, we developed microsatellite markers, via constructing a magnetic enriched microsatellite library, from poison ivy. We designed 51 primer pairs, 42 of which successfully yielded products that were subsequently tested for polymorphism in poison oak, and three subspecies of poison ivy. Among the 42 loci, 38 are polymorphic, while 4 are monomorphic. The number of alleles and the expected heterozygosity ranged from 1 to 12 and from 0.10 to 0.87, respectively, in poison ivy, while varied from 2 to 8 and, from 0.26 to 0.83, respectively in poison oak. Genetic analysis revealed distinct differentiation between poison ivy and poison oak, whereas slight genetic differentiation was detected among three subspecies of poison ivy. These highly polymorphic microsatellite fingerprints enable biologists to explore the population genetics, phylogeography, and speciation in Toxicodendron.
Introduction
Toxicodendron radicans (L.) Kuntze (ANACARDIACEAE), poison ivy, is a species widespread from North America to East Asia [1] . Poison ivy is a perennial woody vine with compound leaves. Urushiol, mixed oily chemical substances of pentadecylcatechols synthetized by T. radicans [2, 3] , is an allergen to humans and animals, often causing allergic contact dermatitis. Taxonomically, T. radicans is divided into several subspecies. For example, there are seven subspecies in North America, mostly in southern Cascades, Great Basin, and Mojave Desert [4] ; in East Asia, two subspecies are distributed in Japan (ssp. orientale), and in Taiwan and South China (ssp. hispidum) [5, 6] . Poison ivy is therefore a species complex consisting of many morphologically variable taxa, providing perfect materials for phylogeographic study [7, 8] .
In Section Eutoxicodendron [9] , as sisters to the poison ivy, poison oaks contain two species, T. diversilobum and T. pubescens [1] . The former species are distributed in the western North America, and the latter is distributed in eastern North America. Additionally, Toxicodendron rydbergii, the western poison ivy, is morphological similarity but geographically distinct in western North America (1) . In this study, we developed microsatellite fingerprints from the poison ivy for estimating population structuring within species (three subspecies of poison ivy) and genetic affinity among species. Theses markers are tested for the species transferability, and genetic polymorphisms.
Results and Discussion

Enrichment Microsatellite Library and Sequencing Results
For constructing a magnetic bead enriched library, a total of 507 white colonies were selected for sequencing from the Toxicodendron radicans. In total, 172 sequences were detected with microsatellite motifs that contained more than 10 repeats and 20 bps in DNA length with Tandem Repeats Finder version 4.07b [10] . Average sequence length was 818 bps, with the maximum and minimum lengths of 1496 bps and 308 bps, respectively.
Development of Microsatellite Markers
In total, 51 primer pairs were designed at the up-and down-flanking regions based on the primer design parameters computed with FastPCR software version 6.4.18 [11] . To test the optimal annealing temperatures, which were obtained with gradient temperature PCRs, two individuals of Toxicodendron species/subspecies were selected as the template DNAs. We thereby selected 42 loci from the 51 microsatellites based on unambiguous amplicoms with a gradient PCR protocol. The characteristics of 42 microsatellite loci are listed in Table 1 . Of the 42 loci, 34 are complete microsatellite loci, including 23 carrying a dinucleotide motif, 5 with a trinucleotide motif, 4 with a tetranucleotide motif, and 2 with a hexanucleotide motif. Of the 8 remaining loci, 2 carried a compound motif and 6 carried interrupted motif. 
Genotyping and Population Genetics Analysis
To examine the extent of genetic polymorphisms at each locus, 20-40 individuals were collected in fields from each subspecies of T. radicans (Table 2) . A total of 80 plants from 3 subspecies were genotyped at the 42 microsatellite loci. Of the 42 loci, 38 loci are polymorphic and 4 are monomorphic (M67, M68, M137, and M148) in all subspecies (Table 3 ). In addition, two of 38 loci, AG153 and M85, cannot be amplified in ssp. orientale or ssp. radicans. To evaluate the genetic diversity, several genetic variation indices, including the number of alleles (Na), the effective number of alleles (Ne), the observed and expected heterozygosities (Ho and He), and Shannon's information index (H) were calculated at the 38 polymorphic loci. Here Ne represents an estimate of the number of equally frequent alleles in an ideal population following the formula of Ne = 1/(1 − He). As shown in Table 3 , the number of alleles (Na) ranged from 1 to 10 in Taiwan and China populations of ssp. hispidum, and from 1 to 8 and 1 to 12 in ssp. orientale and ssp. radicans, respectively. Ne varied from 1.00 to 4.82 and 1.00 to 6.78 in two areas of ssp. hispidum, and from 1.00 to 4.94 and 1.00 to 7.55 in two other subspecies. Ho and H E were also estimated in each subspecies. For example, Ho ranged from 0.20 to 1.00 and H E varied 0.32 to 0.79 in Taiwan population of ssp. hispidum. The mean of Shannon's information index was 0.78 in ssp. orientale and 0.96 in ssp. radicans, while it was 0.98 in the Taiwanese population and 1.07 in the mainland Chinese population of ssp. hispidum. Significant deviations from Hardy-Weinberg equilibrium (H WE ) were detected at 1-3 loci in the subspecies of poison ivy (Table 3) . A total of 27 and 7 private alleles were observed in the Taiwan and China populations of ssp. hispidum, respectively. Likewise, 5 private alleles were observed in ssp. orientale and ssp. radicans. To test the transferability of these microsatellite loci, PCR amplification was conducted on these primers in two species of the poison oaks, including T. diversilobum and T. pubescens. In total, 20 samples from three populations of each species were used for the cross-species amplification (Table 4) . Of 42 loci, 25 loci were of successful transferability. At these polymorphic loci, Na and Ne ranged from 2 to 8 and from 1.60 to 5.80 in T. diversilobum, and from 2 to 8 and from 1.34 to 5.56 in T. pubescens (Table 4) Genetic composition and distinction within and between Toxicodendron taxa was examined with a principle coordinate analysis (PCoA) and Bayesian assignment test (Figure 1 ). Based on 38 polymorphic microsatellite loci, the genetic composition of poison ivy was differentiated from that of the poison oak, as indicated by the first axis, which explained 58.41% variation ( Figure 1A) . Within poison oaks, the genetic composition cannot be distinguished at the first or second axis ( Figure 1A) , indicating genetic homogeneity without geographic differentiation. Among subspecies within T. radicans, genetic compositions among subspecies cannot be separated at the first axis but are spread out by the second axis (explained 21.69% variations) ( Figure 1A) . Subspecies of the poison ivy were not significantly differentiated as indicated by PCoA, a pattern similar to the results based on ISSR fingerprints [6] .
Clustering of poison ivy and poison oak was examined with STRUCTURE analysis [12] [13] [14] . The best and second fit numbers of grouping were inferred as two and three by the ΔK evaluations (ΔK = 216.171 at K = 2 and ΔK = 157.323 at K = 3) based on the Bayesian assignment test. When K = 2, Toxicodendron taxa were divided into two major groups ( Figure 1B) . The first and second groups with a high percentage of composition 1 (segment in blue, Figure 1B) or composition 2 (segment in red, Figure 1B ) corresponded to the poison oak and ivy, respectively. When K = 3, composition 1 (T. radicans) was subdivided into composition 1a (blue segment in Figure 1B ) and 1b (green segment in Figure 1B ). Several individuals from China of ssp. hispidum and of ssp. radicans displayed genetic admixture, likely due to shared ancestral polymorphism [15] or recurrent gene flow [16, 17] . 
Experimental Section
Sampling and DNA Extractions
Twenty individuals were collected from three populations of the poison oak (T. pubescens, T. diversilobum), and of each subspecies of poison ivy, T. radicans subsp. orientale, and ssp. hispidum from Taiwan and mainland China, respectively ( Table 2) . The sample size, location, and voucher specimens number are listed in Table 2 . All voucher specimens were deposited in the Herbarium of Taiwan Endemic Species Research Institute (TAIE). Total genomic DNAs were extracted from silica-dried leaf powder using the Plant Genomic DNA Extraction Kit (RBC Bioscience, Taipei, Taiwan).
Isolation of Microsatellite DNA Loci and Identification
The modified AFLP [18] and magnetic bead enrichment method [19, 20] were used to select microsatellite loci. Genomic DNA of T. radicans ssp. radicans was digested by restriction enzyme MseI (Promega, Madison, WI, USA) and electrophoresed on 1% Nusieve ® 3:1 agarose gels (FMC Bio Products, Rockland, ME, USA). Fragment DNAs of 400 to 1000 bp were isolated using HiYield™ Gel PCR DNA Fragments Extraction Kit (RBC Bioscience) and ligated to a double stranded MseI-adaptor (complementary oligo A: 5'-TACTCAGGACTCAT-3', 5' phosphorylated oligo B: 5'-GACGATGAGTCCTGAG-3') and incubated at 21 °C overnight. Ligated products were used as template DNAs for prehybridization PCR in order to enrich the partial genomic library. Total 20 μL of PCR cocktail was included with 20 ng template DNA, 10 pmol adapter-specific primer (5'-GATGAGTCCTGAGTAAN-3'), 2 μL 10× reaction buffer, 2 mM dNTP mix, 2 mM MgCl 2 , 0.5 U Taq DNA polymerase (Promega), and sterile water. The amplification reaction was executed at 94 °C for 5 min, followed by 18 cycles of 94 °C for 30 s, 53 °C for 1 min, and 72 °C for 1 min using a Labnet MultiGene 96-well Gradient Thermal Cycler (Labnet, Edison, NJ, USA). PCR products were denatured and hybridized to two biotinylated probes (B-(AG) 15 , B-(AC) 15 ) at 68 °C for 1 h, followed by addition of 1 mg Streptavidin MagneSphere Paramagnetic Particles (Promega) to capture the hybridizations at 42 °C for 2 h. The enriched DNA fragments were eluted with high-and low-salt solutions and used as template DNAs for 25 cycles of PCR amplification. PCR cocktail and amplifciation protocol were identical to prehybridization PCR except the number of PCR cycles. Amplicons were purified using HiYield™ Gel PCR DNA Fragments Extraction Kit (RBC Bioscience) and then cloned using pGEM ® -T Easy Vector System (Promega). White colonies were selected and screened using PCR with primer pairs: (AG) 10 or (AC) 10 /SP6 or T7). Selected clones were purified and sequenced in both directions with an ABI PRISM ® 3700 DNA Sequencer (Applied Biosystems, Inc., Foster City, CA, USA.). Sequences containing tandem repeat sequences were identified using Tandem Repeats Finder version 4.07b [10] . We designed the pair of specific primers for each microsatellite locus using FastPCR software version 6.4.18 [11] . The parameters for the microsatellite specific primer design were set at a PCR product size ranging from 100 to 450 bp, an optimum annealing temperature of 55 °C, and a GC content ranging from 40% to 60%.
DNA Amplification and Genotyping
For testing annealing temperature, each primer pair was evaluated following a gradient PCR procedure. All primer pairs were tested for PCR amplification on DNA extracted from each species and subspecies, i.e., one individual of T. pubescens, T. diversilobum, T. radicans subsp. radicans, and two individuals of T. radicans subsp. orientale, and T. radicans subsp. hispidum from Taiwan and mainland China. The procedure was performed at 94 °C for 5 min, followed by 30 cycles of 94 °C for 40 s, 48-65 °C for 60 s, 72 °C for 60 s, and a final extension of 72 °C for 10 min with the Labnet MultiGene 96-well Gradient Thermal Cycler (Labnet). Amplicoms were checked by 10% PAGE electrophoresis to separate the target DNA bands, which were confirmed based on sequences. These SSR primer pairs with confirmed target DNA bands were chosen for polymorphism evaluation.
For examining genetic polymorphisms, 20 individuals from 3 populations of two species and four subspecies (Table 2) were selected. PCR amplifications were performed using a Labnet MultiGene 96-well Gradient Thermal Cycler (Labnet), in a 20 μL reaction cocktail containing 20 ng template DNA, 0.2 μM each of reverse and forward primers, 2 μL 10× reaction buffer, 2 mM dNTP mix, 2 mM MgCl 2 , 0.5 U Taq DNA polymerase (Promega), and sterile water. The PCR program was conducetd at 94 °C for 5 min, followed by 30 cycles of 94 °C for 40 s, at the optimal annealing temperature (Ta) for 60 s, 72 °C for 60 s, and a final extension of 72 °C for 10 min [21] . Amplicons were visualized under UV light by electrophoresis on a 10% polyacrylamide gel (acrylamide: bisacrylamide 29:1, 80 V for 14-16 h) using a 25 or 50 bp DNA Step Ladder (Promega) to determine the allele size. The sizes of the PCR products were detected and analyzed using Quantity One software version 4.62 (Bio-Rad Laboratories, Hercules, CA, USA).
Data Analysis
Genetic variation indices, including the number of alleles (Na), the effective number of alleles (Ne), the observed and expected heterozygosity (Ho and He), Shannon's information index, private alleles were calculated using GenAlEx version 6.4 [22] . Hardy-Weinberg equilibrium (H WE ) was tested using Arlequin software version 3.5.1.2 [23] .
Genetic composition and genetic distinction among Toxicodendron species and subspecies were evaluated using the PCoA by GenAlEx version 6.4 [22] and the Bayesian assignment test using STRUCTURE version 2.3.3 [12] [13] [14] . The posterior probability of the grouping number (K = 1~6) was calculated by the Markov chain Monte Carlo (MCMC) method with 20 separate runs to estimate the stability of the results. Each run was assessed with 5,000,000 steps and a 500,000-step burn-in based on the admixture model [24] . The best fit number of grouping was assessed by ΔK [25] using STRUCTURE HARVESTER version 0.6.8 [26] . A final 10,000,000 simulation with a 1,000,000-step burn-in was performed based on the best K.
Conclusions
In total 42 microsatellite loci, including 38 polymorphic and 4 monomorphic, developed from Toxicodendron radicans are characterized in two species of the poison oak and three subspecies of the poison ivy. These SSR fingerprints were useful in assessing the population structuring and genetic diversity in taxa from different geographic areas. Genetic analyses revealed significant differentiation between poison oaks and poison ivy, whereas slight differentiation was seen among subspecies of the poison ivy. Furthermore, abundant allelic polymorphisms in these microsatellite fingerprints make them useful for genetic assessing genetic diversity, population differentiation, phylogeography, and speciation.
